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Mechanisms of fluid secretion by polycystic epithelia. We have sought
to determine the mechanisms driving fluid secretion by the cystic epithe-
hum in autosomal dominant polycystic kidney disease (ADPKD). We have
performed in vitro experiments on intact cysts dissected from discarded
ADPKD kidneys, on monolayers of cells cultured from the cystic epithe-
hum and on microcysts clonally derived from single cultured cells. These
preparations absorb fluid in the control state but secrete fluid in response
to native cyst fluid, to adenylate cyclase agonists and to permeant
analogues of cAMP. Measurements of short-circuit current and transep-
ithelial voltage in the monolayers indicate that anion secretion must drive
the fluid secretion. Fluid secretion by the intact cysts was inhibited by
basolateral application of ouabain but not by apical application. The effect
of ouabain on fluid secretion and short-circuit current in the monolayers
followed the same pattern. Thus the functional Na,K-ATPase enzyme
complex is located only in the basolateral membrane of the cystic cells and
serves to maintain the transmembrane chemical and electrical gradients
that drive anion secretion by other transport mechanisms. Fluid secretion
and short-circuit current in the cultured monolayers was inhibited by the
basolateral application of the Na-K-2Cl cotransporter inhibitors, bumet-
anide and furosemide, and by apical application of the chloride channel
blocker, diphenylamine-2-carboxylate (DPC). These data suggest that
chloride is the anion that is actively secreted. Preliminary experiments
utilizing the monolayers and the microcysts and measuring cell chloride
concentration and chloride efflux across the apical membrane support this
conclusion. Other preliminary data indicate that the cystic fibrosis trans-
membrane conductance regulator is present in the apical membrane. Thus
active chloride transport generates fluid secretion by the cystic epithelium.
Autosomal dominant polycystic kidney disease is an inheritable
disorder characterized by the slow growth of fluid-filled cysts that
distort the renal architecture and greatly increase the size of the
kidneys. Scanning and transmission electron microscopy of cyst
walls has indicated that, in the majority of cysts, a single layer of
simple epithelial cells lies on a basement membrane that varies
from normal to thickened to extensively laminated [1]. The cells of
a small minority of cysts may resemble cells of the proximal tubule
or of the collecting tubule. The large size and number of cysts
alone are indicative of abnormal proliferation of the epithelial
cells lining the cysts. The source of the fluid filling the cysts cannot
be simply due to accumulation of glomerular filtrate; a search of
cyst walls by scanning electron microscopy has shown that the
majority of the cysts have no tubular connection [2]. Thus we
hypothesized that the fluid must be the result of secretion by the
epithelial cell layer. We have focused on determining the mech-
anisms of that fluid secretion.
Until just recently, the suggestion that a mammalian renal
epithelium might secrete fluid was considered heretical, indicating
© 1996 by the International Society of Nephrology
that Arthur Cushny's influence was still active [3] despite the work
of E.K. Marshall [4] and others. However, Beyenbach, in work
conducted at the Mount Desert Island Biological Laboratory
demonstrated that the flounder tubule secretes fluid [51. The
mammalian proximal tubule will also secrete fluid, albeit in rather
non-physiological conditions [6, 7]. Very recent work indicates
that sections of the collecting tubule may switch from absorption
to secretion in certain circumstances [8, 9], verifying a tantalizing
observation made two decades ago by Sonnenberg [10].
We have used three different preparations to study the direc-
tion and process of fluid transport by the cystic epithelium: intact
cysts dissected from polycystic kidneys and studied in vitro,
cultured cell monolayers derived from primary cultures of cystic
epithelia, and microcysts formed by these cultured cells. In the
studies designed to identify the solutes secreted by these prepa-
rations, we have considered it important to verify that the
secretion of these solutes was indeed responsible for generating
the osmotic force that drives fluid secretion. Therefore we mea-
sured both solute and fluid transport whenever possible.
Initial studies of the primary cultures of the cystic epithelium,
both in the monolayer and in the microcyst configuration, indi-
cated that fluid secretion is stimulated by cAMP and by adenylate
cyclase agonists. In experiments on monolayers, 8-Br-cAMP,
prostaglandin E2 and forskohin and the phosphodiesterase inhib-
itor, iso-butyl-methyixanthine (IBMX) stimulated secretion [11—
13]. One of these agents, usually forskohin, often in combination
with IBMX, was routinely used to stimulate secretion in all
subsequent studies.
Fluid secretion by intact cysts
Experiments were conducted to verify our hypothesis that the
cystic epithehium is capable of secreting fluid. Intact cysts were
dissected from kidneys obtained from patients with ADPKD. The
cysts were maintained in culture medium and the rate of fluid
transport was measured gravimetrically at 24 hour intervals. Cysts,
containing a third of the original cyst fluid, secreted water at a rate
of 20.8 5.6 .d per cm2 of surface area per 24 hours (Fig. 1). The
osmolality of the cyst fluid remained below or equal to the
osmolality of the culture medium. Subsequent addition of forsko-
hin maintained the rate of secretion. In another group of cysts, all
of the original fluid was removed and partially replaced with basal
culture medium. Some of these cysts gained fluid and some lost
fluid; the net change was not significant (Fig. 1). However, the
subsequent addition of forskolin induced significant secretion.
These results indicated that the cystic epithelium is indeed
capable of secreting fluid [14]. In addition the data confirmed an
earlier report which showed that the original cyst fluid contained
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Fig. 1. Fluid secretion by intact cysts incubated in vitro. Values are means
SE. Eighteen cysts (6 from each of three kidneys) were divided into two
groups of nine. Each group was bathed in basal culture medium. Cyst fluid
was placed in the cavity of group 1. Basal culture medium was placed in
the cavity of group 2. The cysts were incubated for two 24-hour periods
and the weight gain for each period was measured. Forskolin (10 M) was
added to the bathing medium at the beginning of the second period. Seven
of the nine cysts in Group I secreted fluid in the first period. Mean rate
of secretion was significant, P < 0.05. In the second period all of the cysts
secreted fluid, tP < 0.01. The paired difference between measurements in
the first and second periods was not significant. In group 2 the rate of fluid
secretion in the first period was not significant. In the second period
forskolin stimulated fluid secretion, 5P < 0.05, and the paired difference
between measurements in the two periods was significant, P < 0.001 [14].
material that stimulated net fluid secretion by cultured renal
epithelium and that the effect of natural cyst fluid was mimicked
by forskolin (151.
In a later study, the electrolyte composition of 30 cysts from two
patients was determined. In 29 of the cysts the range of electrolyte
concentrations were: Na 135 to 161, K 4.7 to 7.2, Cl 98 to 127
mEq/liter [13]. These values place these cysts in the 'non-gradient'
category (16]. The 30th cyst belonged in the 'gradient' category;
the respective concentrations were 33, 4.7 and 57 mEq/liter. Six of
the cysts were examined by scanning electron microscopy. Their
epithelium was composed of relatively nondescript cells with short
cilia and sparse microvilli. None of the several hundred cells
examined in these samples had a distinctive morphologic pheno-
type. In another set of cysts, fluid was aspirated from the lumen as
completely as possible, and they were incubated for 49 hours. In
the absence of forskolin the rate of fluid secretion was only 0.092
j.tl/cm2/hr. The forskolin-stimulated rate of secretion equaled
0.308 1.tl/cm2/hr. The secreted fluid contained in mEq/liter, 157
Na, 5 K and 130 Cl, closely resembling the composition of the
basolateral medium (153 Na, 5 K, and 128 Cl). This is qualitative
evidence that Na and Cl are the principal electrolytes secreted
(131.
Fluid transport by monolayers of cultured cyst cells
The use of confluent monolayers of cultured ADPKD cells
grown on a permeant membrane has provided much useful
information. Transepithelial fluid transport by the monolayers can
be measured in 24 hour periods and the membranes can be
utilized in Ussing chamber experiments. Figure 2 permits a
comparison of fluid transport by the intact cyst and by the cultured
monolayer. In the control period some of the intact cysts absorbed
fluid and some secreted resulting in an insignificant mean rate of
secretion with a large standard error (Fig. 2A). In contrast the
monolayers all absorbed fluid in the control period (Fig. 2B).
Forskolin stimulated fluid secretion in both preparations [13]. We
attribute the wide scatter in the control data for the intact cysts to
be due to incomplete removal from some of the cysts of the
putative secretagogue present in natural cyst fluid. We also
suggest that cysts possess the capability to absorb as well as to
secrete fluid.
The question arises whether fluid secretion by the monolayers
in the presence of forskolin and the absorption that occurs in its
absence is accomplished by the same cells or if two separate
population of cells are involved. In preliminary studies on micro-
cysts, formed by clonal growth of single cells within a collagen
matrix, we found that absorption occurred in the control state and
that secretion was induced by forskolin, indicating that the same
cells could drive fluid transport in either direction [17].
Forskolin tripled the cAMP content of ADPKD monolayers
[13]. Arginine vasopressin and prostaglandin E2, both of which
stimulate cyclic AMP formation and fluid secretion in MDCK
cells through receptor-mediated mechanisms [12], decreased the
rate of fluid absorption by ADPKD monolayers but net fluid
secretion was not achieved [13]. A previous study had shown that
PGE1 stimulated fluid secretion in ADPKD monolayers in which
a layer of mineral oil was placed in direct contact with the apical
surfaces of the cells [11]. This maneuver may enable solute
secretion to maintain the apical fluid slightly hyperosmotic pre-
venting water absorption.
We also tested the effect of natural cyst fluid on fluid transport
by the ADPKD monolayers. Application of a 15% concentration
of that fluid to the apical surface reduced the rate of fluid
absorption by the monolayers. Application of the same concen-
tration to the basolateral surface reversed fluid transport from
absorption to secretion [13].
Transepithelial electrical properties of ADPKD monolayers
The electrical properties of 36 monolayers derived from the
cysts of seven patients are summarized in Table 1. In all of the
monolayers the apical surface was negative in relation to the
basolateral surface (Vte) and the short-circuit current (I) from
the apical to the basolateral surface was positive. The transepi-
thelial resistance (Rte) measurements indicate that the monolay-
ers have a relatively low conductance. Forskolin increased and
V and reduced Since forskolin stimulates secretion of fluid
(Fig. 2B), the changes in 'Sc and Vte indicate that the primary
secretion of anion must induce the fluid secretion [18].
The origin of the 'SC in the absence of forskolin remains to be
determined. It may be the result of Na absorption. The fluid
transport studies indicated that absorption occurs in untreated
monolayers (Fig. 2B).
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Values are means SE; values in parentheses are ranges; N = 36.
Forskolin concentration in the basolateral medium was 10 sM. Abbrevi-
ations are: V1, transepithelial voltage; I, current required to drive V to
zero; transepithelial resistance.
a Comparison to control values, P < 0.001
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Effect of ouabain and the role of Na,K-ATPase in
fluid secretion
The results of an initial study of the role of Na,K-ATPase in
fluid secretion by cultures of polycystic cells indicated that the
pump was mislocated to the apical membrane. Studies of the
unidirectional fluxes of Na across monolayers grown on a per-
meant membrane indicated that ouabain applied to the apical
surface inhibited the basolateral-to-apical flux. These results led
to the hypothesis that fluid secretion is driven by active Na
secretion [19]. We were unable to veri' this hypothesis in
experiments on intact cysts or on cultured monolayers. In an
experiment utilizing intact cysts (Fig. 2A), 10 jIM ouabain was
placed in the cyst cavity and the cysts were also exposed to
forskolin. The rate of secretion by this group did not differ from
the rate obtained in cysts exposed to forskolin alone. A third
group of ten cysts were exposed to ouabain and forskolin placed
in the basolateral medium. This abolished fluid secretion. Evi-
dently Na,K-ATPase in the intact cyst was accessible to ouabain
only from the basolateral surface [13]. The effects of ouabain on
fluid secretion and on the transepithelial electrical properties of
the monolayers were also determined. As in the intact cysts, apical
application of ouabain (0.1 JIM) did not affect forskolin-induced
fluid secretion but basolateral application of the same concentra-
tion significantly reduced it (Fig. 2B). In the Ussing chamber
experiments, 10 JIM ouabain applied to the apical surface did not
affect L,. or V; however, application to the basolateral surface
depolarized the monolayers and reduced I by 89% (Fig. 3; 13).
These results have led us to conclude that an apically located
Na,K-ATPase enzyme complex is not involved in solute secretion
by cystic epithelium. The functional enzyme complex is present in
the basolateral membrane and establishes the transmembrane
chemical and electrical gradients that drive secretion by secondary
transport systems and channels. The results of preliminary obser-
vations by Ross and coworkers confirm this conclusion. They
reported that immunostaining revealed the presence of the a-sub-
unit of Na,K-ATPase exclusively in the basolateral membrane of
monolayers of ADPKD cells grown on a permeant membrane
[20].
Chloride secretion
The initial Ussing chamber experiments indicated that anion
secretion drives fluid secretion (Table 1). Since Na and C1 are
the principal solutes secreted (see above) it is likely that the anion
secreted must be CI-. In the monolayers of Figure 2B the
increment in fluid flux caused by forskolin ranged from 0.77 to
—0.4
Fig. 2. Effct of ouabain on fluid secretion. A. Effect on intact cysts
incubated in vitro. Abbreviations are: FKS, forskolin; Ap. Qua., apical
ouabain; BI. Qua., basolateral ouabain. The data for the control group are
taken from Figure 1 (expressed in different units) and presented here for
comparison. The data for the other 3 groups were obtained from 30 cysts
obtained from 2 kidneys. Each group of 10 were bathed in culture medium
and filled to a third of original volume with culture medium. Forskolin (10
was added to the bathing medium of all 3 groups. Quabain (10 jIM)
was added to the cavity (apical surface) of one group and to the bath
(basolateral surface) of another group. *Comparison of control versus
forskolin, P < 0.05. tComparison of forskolin alone versus Fks. + Ap.
Qua., NS. Comparison of Fks. + BI. Qua, with each of the other
treatments, P < 0.05 [13J. B. Effect on monolayers of ADPKD cells. Nine
monolayers were divided into three groups of three each. Apical and
basolateral surfaces were bathed in culture medium. The apical fluid was
covered with a layer of mineral oil saturated with water. The apical fluid was
removed at 24 hour intervals and its volume determined. Control measure-
ments were made in each group. For the purposes of this paper, those values
for all three groups (N = 9) were averaged and presented as the first bar.
*Fluid absorption occurred in the control periods of all the monolayers, P <
0.001. Following the control period, forskolin (10 jIM) was added to all
three groups, and ouahain (0.1 jIM) was added to either the apical or the
basolateral surface of two of the groups. tComparison of forskolin
treatment alone versus Fks + Ap. Qua, NS. Comparison of treatment
with Fks. + BI. Qua, versus each of the other treatments, P < 0.001 [131.
10
0
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Fig. 3. Effect of ouabain onforskolin-stimulated short-circuit current (f) in
monolayers of ADPKD cells. Abbreviations are in Figure 2, N = 6.
Following a control period, each monolayer was treated sequentially with
forskolin (10 j.cM), forskolin + apical ouabain (10 JLM) and forskolin + bI.
oua. at 20 minute intervals. *Comparison with control period, P < 0.001.
tComparison with Fsk. period, NS. 5Comparison with each of the other
three periods, P < 0.001 [13].
0.90 1L1/cm2/hr. This is equivalent to a CL flux of 118 to 138
nEq/cm2/hr assuming isosmotic secretion of NaCl. In the mono-
layers of Figure 3, the average increment in 'Sc was 3.6 .tA/cm2,
which is equivalent to a net chloride flux of 134 nEq/cm2/hr. The
similarity of the two calculations supports the interpretation that
Cl secretion may drive fluid secretion.
We postulated that the mechanisms involved are those that
drive chloride secretion in the trachea, pancreatic duct and other
secretory epithelia (Fig. 4). We examined the possibility that the
Na-K-2Cl cotransporter is present in the basolateral membrane
and may participate in driving fluid secretion by using the
inhibitor of the cotransporter, bumetanide. The basolateral appli-
cation of the loop diuretic inhibited the ability of forskolin to
induce fluid secretion in monolayers (Fig. 5A). In monolayers
mounted in Ussing chambers, bumetanide also reduced the
forskolin-stimulated I (Fig. 6A). Vte was reduced by a high dose
of the drug but R, was not affected [18].
in experiments on cultured microcysts we found that bumet-
anide inhibited forskolin-induced fluid secretion and caused a loss
of cell volume, suggesting that the diuretic reduced net solute
entry into the cell as it inhibited fluid secretion [17]. In subsequent
experiments changes in cell chloride concentration were assessed
with the usc of the fluorescent indicator, 6-methoxy-N-ethylquino-
linium (MEQ). In these experiments we used furosemide rather
than bumetanide because the latter fluoresces at about the same
wavelength as MEQ. Microcysts were pretreated with furosemide
to prevent CL entry and then stimulated with forskolin + IBMX.
The changes in MEQ fluorescence indicated that the latter two
agents induced a loss of cell CL (unpublished observations).
These results suggest that the flux of CY from bath to lumen
follows a transcellular route.
In other experiments we tested the effect of apical application
of the chloride channel blocker, diphenylamine-2-carboxylate
(DPC). The drug inhibited the ability of forskolin to induce fluid
secretion by monolayers (Fig. 5B) and abolished the forskolin-
induced increase in I, (Fig. 6B). It also reduced the hyperpolar-
ization caused by forskolin but did not affect Rtc [18]. Another
anion transport inhibitor, 4,4'diisothiocyanato-stilbenc-2,2'-disul-
fonic acid (DIDS) was tested on the monolayers. Neither apical or
basolatcral addition of 100 jIM DIDS affected the forskolin-
stimulated I (18, and unpublished studies). In another study,
immersion of monolayers in CL-free media reduced l to a low
level and prevented stimulation by forskolin (unpublished stud-
ies).
A more direct examination of the CL efflux mechanism was
conducted on monolayers of ADPKD cells grown on a plastic
20
15
5
Cont. Fsk. Fsk. + Fsk. +
Ap. Oua. BI. Oua.
Fig. 4. Hypothetical model ofADPKD cyst cell, illustrating transport systems
that may he involved in fluid secretion. Abbreviations are: Oua., ouabain;
Bumet., bumetanide; DPC, diphenylamine-2-carboxylate.
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Fig. 5. Effect of C1 transport inhibitors on fluid secretion by ADPKD
mono/ayers. Values are means SE. Abbreviations are those used in
Figures 2 to 4. A. Effect of bumetanide. Two groups of six monolayers were
used. In one group control measurements were made and then forskolin
(10 jIM) was applied (first pair of bars). In the second group forskolin +
bumetanide (100 to 500 /LM) were applied to the basolateral surface after
the control period (Second pair of bars). *Comparison of control and
experimental measurements (P < 0.02). Comparison of experimental
groups, P < 0.01 [181. B. Effect of DPC. Two groups of five monolayers
were used. The first group were treated as in A (first pair of bars). The
second group received forskolin + DPC (3 mM) after the control period.
DPC was applied to the apical surface. 5Comparison of control and
experimental measurements (P < 0.02). tComparison of experimental
groups, P < 0.01 [181.
Fig. 6. Effect of C1 transport inhibitors on 'Sc in ADPKD mono/ayers.
Values are means SE. Abbreviations are in Figure 5. A. Effect of
bumetanide, N 4. The control period was followed sequentially by two
experimental periods. Forskolin (10 tiM) was applied in the first experi-
mental period and forskolin + 500 tiM bumetanide was applied to the
hasolateral surface in the second. *Comparison with preceding period,
P < 0.05 [18]. B. Effect of DPC, N = 5. Forskolin was applied in the first
experimental period and DPC (1 mM) was applied to the apical surface in
the last. *Comparison with preceding period, P < 0.05 [18].
presence of Cl currents that were increased by 8-(4-chlorophe-
nylthio)-cAMP and by forskolin and inhibited by DPC [211. In
another preliminary report immunostaining of cultured ADPKD
cells has revealed the presence of the cystic fibrosis transmem-
brane conductance regulator, a Cl channel protein, in the apical
membrane and cytoplasm. The staining of the apical membrane
was greatly enhanced by prior treatment of the cells with forskolin
[20].
These studies of the cystic epithelia were preceded by studies
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*
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*
0.0
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surface. These monolayers were first loaded with 36Cl and then
the rate of efflux was determined. Forskolin almost doubled the
rate of efflux and DPC blocked that forskolin-induced increase
(unpublished observations). A preliminary report of patch clamp
experiments on primary cultured ADPKD cells indicated the
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conducted on monolayers and microcysts grown from a subculture
of Madin-Darby canine kidney cells (MDCK). These cells are
known to secrete Cl [22]. Agents that increase cAMP levels also
stimulate Cl secretion by monolayers and microcysts formed by
MDCK cells [11, 12, 18, 231. and fluid secretion are inhibited by
basolateral application of ouabain [23] and by DPC and bumet-
anide [18]. In the MDCK microcyst, the induction of fluid
secretion by vasopressin and IBMX was accompanied by a loss of
cell volume. The subsequent application of barium to the baso-
lateral surface caused an increase in cell volume, depolarized the
cells and inhibited fluid secretion. We attributed the increase in
cell volume and the depolarization to blockage of K channels
(Fig. 4), and suggested that the inhibition of fluid secretion was
due to a reduction in the electrochemical gradient driving C1
efflux across the apical membrane. The application of bumetanide
to the secreting microcyst reduced cell volume, hyperpolarized the
cells and abolished fluid secretion. The reduction in cell volume
may have been the result of inhibition of the Na-K-2C1 cotrans-
porter that adds solute to the cell (Fig. 4). The hyperpolarization
and inhibition of secretion was probably due to inhibition of C1
ently across the basolateral membrane and the subsequent reduc-
tion of the depolarizing efflux of C1 across the apical membrane
(Fig. 4) [23]. The close similarity in the results obtained in the
MDCK and the ADPKD cells bolsters the argument that fluid
secretion is driven by similar mechanisms in the two tissues.
The results described here support the hypothesis that chloride
secretion drives fluid secretion by cystic epithelia. The initial step
in secretion is the entry of Cl into the cell across the basolateral
membrane probably via the Na-K-2C1 cotransporter (Fig. 4). Cl
then exits the cell via channels in the apical membrane driven by
the net electrochemical gradient across that membrane. We
suggest that this gradient is enhanced by the cycling of K across
the basolateral membrane via the neutral cotransporter and K
channels, as occurs in other secretory epithelia. Na may cross the
cell layer via the paracellular pathway driven by the transepithelial
electrical gradient.
The gene that is modified in ADPKD has been discovered and
the nature of the protein product has been deduced [241. How-
ever, the connection between that protein and the direction of
fluid transport is not yet discernable. The tie may be very indirect.
The cystic cells appear not to be fully differentiated. We suggest
that fluid secretion may be a common property of undifferentiated
renal epithelial cells. We have found that monolayers and micro-
cysts formed by primary cultures of normal human epithelial cells,
as well as the MDCK cells, also secrete fluid [25, 26]. It is possible
that, whatever the nature of the defect in ADPKD cells, it is the
inability of the cells to fully differentiate that maintains fluid
secretion into the cysts.
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